Hereditary colorectal cancer develops through a series of well-defined genetic and histological changes. However, elucidation of the canonical pathway based on hereditary colorectal cancer has not provided a clear explanation of the molecular mechanisms of sporadic colorectal cancer. To identify the alterative pathways involved in sporadic colorectal tumorigenesis, we performed gene expression analysis in patients with sporadic colorectal tumors. A comparison analysis of gene expression profiles revealed a pattern of upregulation of small proline rich repeat protein 3 (SPRR3) in tumor samples. SPRR3 has previously been reported to be downregulated in esophageal cancer. However, in the present study, we observed that SPRR3 was strongly upregulated in 31 of 35 samples of sporadic colorectal tumors (88%). We also determined that overexpression of SPRR3 not only accelerates colorectal cancer cell proliferation but also is associated with lymphovascular invasion in colorectal cancer. Moreover, AKT was activated and p53 levels were decreased in cells that overexpressed SPRR3. In contrast to the pattern seen in esophageal cancer, these results suggest that increased expression of SPRR3 is involved in colorectal tumorigenesis.
INTRODUCTION
The occurrence of colorectal cancer has gradually increased over the last decade, and colorectal carcinoma was the third most common cancer in Korea in 2005 (1) . Although several oncogenes and tumor-suppressor genes are known to be involved in the progression of hereditary colorectal cancer, the molecular changes associated with sporadic colorectal cancer are not yet understood (2) (3) (4) . Genome-wide gene expression analysis is the method most widely used to investigate how cancer-related genes are altered during tumorigenesis (5-7). We previously identified several genes associated with molecular changes in sporadic colorectal cancers by microarray analysis of the gene expression profiles of sporadic colorectal cancer patients. When we investigated these genes, we found that SPRR3 (small proline rich repeat protein 3) was a protein associated with the molecular changes and clinicopathological features of this disease (8) . SPRR proteins are known to be markers for terminal squamous cell differentiation, but they also function in nonsquamous tissues (9) . For example, SPRR1A is induced by and is protective against ischemic stress in cardiomyocytes (10) . It has recently been reported that SPRR3 is upregulated in celiac disease and also by prolonged exposure to cyclic strain (11, 12) . However, SPRR3 is frequently downregulated in esophageal squamous cell carcinoma (ESCC) and it has been shown to suppress the tumorigenicity of ESCC cells (13) (14) (15) .
AKT has emerged as a key molecule mediating multiple signaling pathways. AKT was discovered as an oncogene and is involved in metabolic functions, cell survival and the cell cycle (16) . Recent studies have shown that AKT activates Mdm2 to accelerate p53 ubiquitination (17) (18) (19) .
In this study, we showed that SPRR3 is dramatically upregulated in colorectal cancer. The ectopic expression of SPRR3 accelerates cell proliferation through AKT activation in SW480 colorectal cancer cells. Moreover, overexpressed SPRR3 is associated with lymphovascular invasion in colorectal cancer. Our results suggest that SPRR3 is highly expressed in colorectal tumors and may potentiate tumorigenesis in colorectal cancer.
MATERIALS AND METHODS

Patients, Tissue Samples and Cell Lines
For the initial screening of SPRR3 expression, 35 
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Dong-Hyung Cho, 1, 4 Yoon Kyung Jo, 1, 4 Seon Ae Roh, 1, 4 Young-Soon Na, 2, 4 Tae Won Kim, 2, 4 Se Jin Jang, 3, 4 Yong Sung Kim, 4, 5 (Table 1) . Patients with hereditary nonpolyposis colorectal cancers or familial adenomatous polyposis and patients who had received preoperative chemoradiation therapy were excluded. Primary colorectal adenocarcinoma tissue and the adjacent normal colonic mucosa tissue (at least 10 cm from tumor) were obtained during surgery; ESCC tissue and normal esophageal epithelium samples were obtained from the Biological Resources Center (Department of Pathology at the Asan Medical Center, Seoul, Korea). All patients provided written informed consent, and the study protocol was approved by the Institutional Review Board for Human Genetic and Genomic Research, in accordance with the Declaration of Helsinki. FHC, a colorectal cell line, was obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA). CCD841 cells were kindly provided by SY Rha (Yonsei University, Seoul, Korea). The AMC5 cell line was established in our laboratory (20) . All other colorectal cancer cells were obtained from ATCC, and cultured at 37°C in a 5% CO 2 incubator and maintained as recommended by ATCC in RPMI1640, minimal essential medium, or Dulbecco's modified Eagle's medium, containing 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA).
Cloning and Transfection
The full-length cDNA encoding SPRR3 was generously provided by M-R Wang (Peking Union Medical College, Beijing, China). SPRR3 cDNA was amplified by polymerase chain reaction and subcloned into hemagglutinin (HA)-tagged pcDNA3 (pHA-SPRR3) (Invitrogen) for the generation of stable transfectants. SW480 cells were transfected with pHA-SPRR3 using lipofectamine 2000 according to the manufacturer's instructions (Invitrogen). After selection with G418 (1 mg/mL) for 10 d, stable expression of SPRR3 (SW480/SPRR3) was confirmed by Western blot analysis with anti-HA antibody. A control cell line was established by transfecting an empty expression vector, pcDNA3.1 (Invitrogen). The SPRR3 small interfering RNA (siRNA) (5′-CAGACAAGCCCUUGAGAA-3′) and nontargeting scrambled siRNA (5′-CCUACGCCACCAAUUUCGU-3′) were synthesized from the Bioneer (Daejeon, Korea) and transfected into cells with lipofectamine 2000 (Invitrogen). Knock-down efficiency was evaluated by Western blot analysis with anti-SPRR3 antibody.
Western Blot Analysis
All tissues and cells were extracted in 2 × Laemmli sample buffer (62.5 mmol/L Tris-HCl, 25% glycerol, 2% sodium dodecyl sulfate (SDS), 5% 2-mercaptoethanol, 0.01% Bromophenol Blue) (BioRad, Hercules, CA, USA), separated by SDS-polyacrylamide gel electrophoresis, and transferred to polyvinylidene difluoride membranes. 
Immunohistochemistry
Paraffin-embedded tissue cores obtained from carcinomas were used to construct tissue microarrays and arrayed onto recipient paraffin blocks by using a precision instrument (Beecher Instruments, Sun Prairie, WI, USA). Tissue array blocks containing core cylinders were subjected to immune staining based on the labeled streptavidin-biotin method with a DAKO LSAB ® kit (DAKO, Carpinteria, CA, USA), by using monoclonal antibodies against SPRR3 (Proteintech Group, Chicago, IL, USA), MLH1 and MSH2 (G168-15 and G219-1129; BD PharMingen, San Diego, CA, USA). The SPRR3 cytoplasmic expression was classifed into two categories depending on the degree. Category I was formed by two grades, negative expression at ≤10% and positive expression at >10% staining cells; category II included two grades, downregulation at ≤50% and overexpression at >50% staining cells. The MLH1-and MSH2-stained cells were divided into two grades, negative at ≤10% and positive at >10% cells with nuclear staining. All hematoxylin-eosin and immunohistochemical staining results were confirmed by two pathologists.
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MTT and Flow Cytometry Assay SW480 and SW480/SPRR3 cells were seeded into a 96-well plate. The cell proliferation rate was measured by a plate reader (absorbance 450) after incubation with Cell-counting kit 8 (CCK8) solution reagent (10 μL) (Dojindo Laboratories, Kumamoto, Japan) for 2 h. For cell-cycle distribution analysis, SW480 and SW480/ SPRR3 cells were resuspended in ice-cold phosphate-buffered saline, fixed with 70% ethanol on ice, and incubated with propidium iodide solution (50 μg/mL) (Sigma, St Louis, MO, USA) for 30 min. After washing with phosphate-buffered saline, the cells were analyzed on a flow cytometer using CellQuest software (Becton Dickinson, Franklin Lakes, NJ, USA)
Colony-Formation Assay
A colony-formation assay was performed by using a Cytoselect 96-well celltransformation assay kit according to the manufacturer's protocol (Cell Biolabs, San Diego, CA, USA). Briefly, SW480 and SW480/SPRR3 cells (1 × 10 3 ) were seeded into the individual wells of a 96-well plate containing 0.6% agar/RPMI1640 medium. After culture for 14 d, the cells were solubilized, lysed and detected with CyQuant GR dye by using a fluorescence plate reader with a 485/520-nm filter (Molecular Devices, Sunnyvale, CA, USA), or the colonies were visualized by crystal violet staining (Sigma).
Statistical Analysis
Presented bar data show standard error of the mean (SEM). Significant differences among groups were determined using the Student t test. SPRR3 expression was compared with demographic and biological parameters by cross-table analysis performed using Fisher exact or Pearson χ 2 test, depending on statistical validity. We verified potential variables by multivariate analysis using binary logistic regression. Statistical significance was defined as a P-value < 0.05, and all calculations were performed by using SPSS software (version 14; SPSS Inc., Chicago, IL, USA).
All supplementary materials are available online at www.molmed.org.
RESULTS
SPRR3 Is Upregulated in Colorectal Cancer
To investigate the molecular changes associated with colorectal tumorigenesis, we analyzed gene expression patterns in 84 patients with sporadic colorectal cancer by using a microarray (8) . Among 1263 differentially expressed genes, SPRR3 was shown to be associated with molecular changes, and we therefore examined the expression level of SPRR3 in colorectal cancers. Samples of the tumor tissues and the surrounding normal tissues were obtained at the time of surgery. Among 35 colorectal cancer patients, SPRR3 was highly expressed in tumors compared with the adjacent normal mucosa in 31 cases (88%) ( Figure 1A, B) . Next, the analysis of expression levels was extended to colorectal cell lines. Consistent with our findings in tissues, SPRR3 was weakly expressed in normal cell lines including CCD841 and FHC cells, but its expression was increased in most of the colorectal cancer cell lines except DLD1 cells ( Figure 1C) .
The two categories of SPRR3 expression were associated with demographic and biological features ( Figure 2, Table 2 ). We found that SPRR3 expression was closely correlated with lymphovascular invasion (LVI) of tumor cells, as seen in the 1.5-and 2.1-fold greater positive expression and overexpression of the SPRR3 in tumors with LVI compared with tumors without LVI (P = 0.002 and 0.004, respectively). In a multivariate analysis, which included possibly potent demographic and biological features, tumors with LVI showed significant correlation with positive expression and overexpression of SPRR3 (relative risk, 6.204 and 3.161; 95% confidence interval, 2.108-18.261 and 1.233-8.105; P = 0.001 and 0.017, respectively). These results show that SPRR3 is upregulated and may play a role in colorectal cancer invasion. SPRR3 expression was also associated with female sex and with tumors showing mismatch repair (MMR) defects (P < 0.05).
Overexpression of SPRR3 Accelerates Cell Proliferation
The significant overexpression of SPRR3 in colorectal cancer led us to investigate the effect of overexpressed SPRR3 on the proliferation rate of colon cancer cells. An SPRR3-overexpressing cell line was generated from SW480 human colon cancer cells (SW480/ SPRR3 clone). As shown in Figure 3A , the ectopic expression of SPRR3 dramatically increased the proliferation rate of SW480 cells in a timedependent manner. To determine whether the increased proliferation rate was due to acceleration of the cell cycle, we next examined the effect of SPRR3 on the distribution of cell-cycle phases. The flow cytometer results indicated that overexpression of SPRR3 in SW480 cells caused enhanced accumulation of cells in the G2/M or S phase compared with SW480 control cells ( Figure 3B ). We further explored the effect of SPRR3 on anchorageindependent growth by conducting a soft agar assay ( Figure 3C ). Colony formation was increased in the SW480/ SPRR3 cells compared with control SW480 cells, suggesting that increased SPRR3 expression potentiates the growth of colorectal cancer cells.
It has previously been shown that SPRR3 expression is reduced in esophageal cancer. To investigate the effect of downregulated SPRR3 in colorectal cancer cells, SPRR3 siRNA was used to specifically knock down SPRR3 expression. SW480 cells were transiently transfected with either nontargeting scrambled siRNA or SPRR3-specific siRNA, and the effects on cell death were determined. Unlike the findings in ESCC, our results showed that the reduced SPRR3 expression did not significantly affect cell death in SW480 colorectal cancer cells (Figure 4 ).
AKT Is Activated in SPRR3-Overexpressing Cells
To determine the functional role of SPRR3 in colorectal cell proliferation, we investigated possible involvement of the AKT or MAP-kinase pathways in SPRR3-mediated cell proliferation. AKT and MAP kinase both play pivotal roles in fundamental cellular functions such as D 1 6 ( 7 -8 ) 2 7 1 -2 7 7 , J U L Y -A U G U S T 2 0 1 0 cell proliferation, migration and apoptosis. As shown in Figure 4 , the overexpression of SPRR3 in SW480 cells led to a dramatic increase in AKT phosphorylation. There was no change, however, in ERK1/2 or p38 MAP kinase ( Figure 5A ). The AKT pathway is associated with tumorigenesis in many cancers, including colon cancer, and AKT has been shown to regulate the activity of various proteins associated with oncogenesis. Several research groups have recently shown that AKT phosphorylates Mdm2 to promote p53 degradation. The tumor suppressor p53 is a transcription factor that can induce either cell-cycle arrest or cell death, and p53 is expressed at very low levels or mutated in many types of cancer. We therefore examined the expression of phospho-Mdm2 and p53 in association with SPRR3 expression. Interestingly, phosphorylation of Mdm2 was highly increased, but p53 levels were decreased in SPRR3-overexpressing SW480 cells ( Figure 5B ). These results suggest that the AKT pathway is involved in SPRR3-mediated proliferation of colorectal cancer cells.
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DISCUSSION
Loss of SPRR3 expression is frequently observed in ESCC, where it is known to inhibit tumorigenesis ( Supplementary Figure 1) (13-15) . However, the clinicopathological characteristics of SPRR3 have not been investigated in other types of cancers, including colorectal cancer. We have previously reported the association of several genes with molecular alterations in colorectal tumorigenesis (8) . Surprisingly, in contrast to the findings in ESCC, SPRR3 was frequently and dramatically upregulated in colorectal cancers. Expression analysis with tumor samples from colorectal patients showed that the rate of SPRR3 upregulation in colorectal tumors was almost 88% (Figure 1 ). The analysis of the gene expression pattern in 35 colorectal cancer cases showed that SPRR3 was increased in 31 cases. Moreover, most of the colorectal cancer cell lines analyzed also exhibited an increase in the expression of SPRR3. The immunohistochemical analysis of SPRR3 expression revealed that upregulated SPRR3 may be involved in LVI in colorectal cancer. A previous related study showed that the ratio of GATA6, which is a regulator of epithelial differentiation, to SPRR3 can significantly discriminate between normal tissue and esophageal adenocarcinoma (21) . Venous and lymphatic invasion are crucial steps in the formation of micrometastases and eventual macroscopic tumor growth in a distant organ (22) . LVI may thereby enhance existing staging systems for analyzing individual prognostic features (23) . SPRR proteins are differentially expressed in different tissues, suggesting that they have distinct tissue-specific functions. Therefore, the differential expression of SPRR3 in colorectal and esophageal cancers might be due to different tissue-specific expression patterns. Another possible explanation of these differences is that transcriptional regulation of SPRR3 may vary according to tissue type.
Alterations in Wnt/β-catenin (CTNNB1) signaling and in MMR genes have been shown to contribute to the development of colorectal cancer. In the current study, SPRR3 overexpression was associated with deficient MLH1 and MSH2 expression, which was possibly related to the frequent AXIN2 mutations reported in MMR-deficient cells (24) . AXIN2 is known to have an important role in the regulation of the stability of CTNNB1 in the Wnt-signaling pathway. However, the association of SPRR3 expression with MMR defects and female D 1 6 ( 7 -8 ) 2 7 1 -2 The SW480 and SW480/SPRR3 cells were harvested and stained with propidium iodide and then they were subjected to a flow cytometer for cell cycle analysis. The bars represent the cell population at each stage of the cell cycle (B). Anchorage-independent cell growth was measured by a fluorescence plate reader after SW480 and SW480/SPRR3 (1 × 10 sex requires further verification in a larger cohort of colorectal cancer patients. Because the CTNNB1 complex regulates the expression of several genes that have been implicated in colorectal tumorigenesis, including Myc and Cox2 (25) (26) (27) , it is possible that expression of SPRR3 might be regulated by the CTNNB1-mediated pathway in colorectal cancer. Although we have not identified the factors involved in the regulation of SPRR3 expression, the underlying mechanisms should be examined further to elucidate the function of SPRR3 in colorectal tumorigenesis.
R E S E A R C H A R T I C L E M O L M E
We also investigated the effect of ectopic expression of SPRR3 in the potentiation of colorectal tumorigenesis, and we found that SW480/SPRR3 cells showed accelerated cell proliferation compared with SW480 cells. Further evidence for a function for SPRR3 in tumorigenesis was provided by the soft agar assay. SW480/ SPRR3 cells showed a high anchorageindependent proliferation rate, supporting the hypothesis that increased SPRR3 plays a role in colorectal tumorigenesis. It has been reported that SPRR1A protein is upregulated in, and is protective against, hypoxia-induced stress (10) . To further elucidate the mechanisms of molecular control of SPRR3 in colorectal cancer, we next examined the effect of SPRR3 on AKT signaling. AKT signaling has been implicated in angiogenesis and tumor invasion as well as in tumor cell survival (28) (29) . AKT regulates cell growth by modulating several key proteins such as p21, p27, GSK3β and Mdm2 (17, (30) (31) (32) . Because the ectopic expression of SPRR3 markedly enhances AKT phosphorylation in colorectal cancer cells, we further explored SPRR3-mediated AKT signaling. AKT activation is mainly induced by growth-factor stimulation, which is negatively regulated by PTEN. Therefore, we investigated the expression of PTEN and phospho-PI3K in SPRR3-overexpressing cells, and found that these proteins were not significantly altered by SPRR3 expression (data not shown). It was recently reported that increased α1β1-integrin enhances SPRR3 expression (33) , and integrin could induce AKT activation through the integrinassociated protein ILK (integrin-linked kinase) (34, 35) . The molecular mechanisms underlying the activation of AKT by SPRR3 are not clear, and further investigation is therefore needed to elucidate the specific mechanisms. We also screened the AKT downstream molecules and found that Mdm2 is a key molecule in SPRR3-mediated stimulation of cell proliferation. AKT promotes the degradation of p53 through the phosphorylation of Mdm2 (17) (18) (19) , and p53 controls cell proliferation by inducing either growth arrest or apoptosis. Accordingly, p53 is frequently found in an inactivated, mutated form in many types of cancer (36) (37) . In this 
